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Abstract
Microtubules are essential components of the cytoskeleton and are involved in many aspects of 
cell responses including cell division, migration, and intracellular signal transduction. Among 
other factors, post-translational modifications play a significant role in the regulation of 
microtubule dynamics. Here, we demonstrate that the ubiquitin-editing enzyme UCH L1, 
abundant expression of which is normally restricted to brain tissue, is also a part of the 
microtubule network in a variety of transformed cells. Moreover, during mitosis, endogenous 
UCH L1 is expressed and tightly associated with the mitotic spindle through all stages of M phase, 
suggesting that UCH L1 is involved in regulation of microtubule dynamics. Indeed, addition of 
recombinant UCH L1 to the reaction of tubulin polymerization in vitro had an inhibitory effect on 
microtubule formation. Unexpectedly, western blot analysis of tubulin fractions after 
polymerization revealed the presence of a specific ∼50 kDa band of UCH L1 (not the normal ∼25 
kDa) in association with microtubules, but not with free tubulin. In addition, we show that along 
with 25 kDa UCH L1, endogenous high molecular weight UCH L1 complexes exist in cells, and 
that levels of 50 kDa UCH L1 complexes are increasing in cells during mitosis. Finally, we 
provide evidence that ubiquitination is involved in tubulin polymerization: the presence of 
ubiquitin during polymerization in vitro by itself inhibited microtubule formation and enhanced 
the inhibitory effect of added UCH L1. the inhibitory effects of UCH L1 correlate with an increase 
in ubiquitination of microtubule components. Since besides being a deubiquitinating enzyme, 
UCH L1 as a dimer has also been shown to exhibit ubiquitin ligase activity, we discuss the 
possibility that the ∼50 kDa UCH L1 observed is a dimer which prevents microtubule formation 
through ubiquitination of tubulins and/or microtubule-associated proteins.
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The array of microtubules in any cellular activity is a highly dynamic structure, and 
continuous polymerization and depolymerization of microtubules is regulated by many 
different processes, including post-transcriptional modification of microtubule components
—the tubulin.1-4
Although the role of post-translational modifications of tubulin in microtubule formation 
and functions has been studied intensively,1,2,4 the impact of ubiquitination in these 
processes is still unclear. It has been shown that ubiquitination of γ-tubulin by BRCA1 
ubiquitin ligase is required for normal centrosome function and tubulin nucleation.5-10 
Mono- and multiubiquitination are involved in regulation of microtubule-associated proteins 
such as tau.11-13 The ubiquitin/proteasome system has been implicated in α/β-tubulin 
turnover,14 and ubiquitination of α/β-tubulin has been observed during diverse 
processes,15-17 but the role of regulatory ubiquitination in microtubule functions is still 
largely unexplored.
Ubiquitin C-terminal Hydrolases—UCHs—are relatively small proteins (25–75 kDa) with 
approximately 50% sequence homology among the members.18-20 Among them is Ubiquitin 
C-terminal Hydrolase L1 (UCH L1), a cysteine hydrolase that contains the typical active-site 
triad of cysteine, histidine, and aspartic acid and catalyzes hydrolysis of C-terminal esters 
and amides of ubiquitin.21 Normally UCH L1 is expressed abundantly and exclusively in 
brain and reproductive tissues.20 Mutations in the UCH L1 gene have been associated with 
Parkinson's and Alzheimer's diseases.22 Recent studies indicate that UCH L1 is a multi-
functional protein of the ubiquitin system: besides being a deubiquitinating enzyme,23 UCH 
L1 dimer has a ubiquitin ligase activity in vitro,24 and stabilizes mono-ubiquitin in 
neurons.25,26
In addition, elevated levels of UCH L1 have been detected in many cancers of different 
origin,27-33 indicating potential involvement of this protein in oncogenesis. Recent studies 
demonstrate that inhibition of UCH L1 expression reduces tumorigenic phenotype of 
transformed cells,33-35 and oncogenic transcription factors such as B-Myb and β-
catenin/TCF upregulate uch l1 gene expression.36,37 Still, the physiological roles of UCH L1 
and regulation of its expression in normal and transformed cells need further analysis.38
UCH L1 is abundantly expressed in brain tissue, and abnormal microtubule dynamics and 
tubulin polymerization are associated with several neurodegenerative diseases.39,40 
Recently, a connection between UCH L1 and microtubules has been suggested: UCH L1 
was identified as a tubulin-interacting protein by mass spectrometric analysis, and UCH L1 
I93M mutant (the mutation connected to Parkinson's disease) as well carbonyl-modified 
UCH L1 aberrantly promote tubulin polymerization.41
In this study we provide evidence showing that UCH L1 is involved in regulation of 
microtubule dynamics in vitro and in vivo in transformed cells. Moreover, the association of 
UCH L1 with mitotic spindle suggests a functional role during mitosis. We hypothezise that 
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ubiquitination of tubulin or/and microtubule-associated proteins during polymerization is 
mediated by a UCH L1-based complex and inhibits microtubule formation.
Results
Endogenous UCH L1 is associated with microtubules in interphase and mitotic cells of 
different origin
In analyzing the sub-cellular localization of UCH L1, we found that while some portion of 
UCH L1 is present in nuclei, cytoplasmic UCH L1 is closely associated with microtubules in 
lymphoid cells. To determine whether this is a general phenomenon, we performed 
immunofluorescence co-staining of UCH L1 and β-tubulin in cells of different origin: 
fibroblasts, lymphoid and epithelial cells. As seen in Figure 1A, UCH L1 intensely stained 
the microtubule organizing center (MTOC) in interphase cells of different origins. It is 
interesting to note that localization of UCH L1 in epithelial cells (5th and 6th panels) is more 
nuclear as compared with fibroblasts (1st and 2nd panels) and lymphoid cells (3rd and 4th 
panels), where association of UCH L1 with microtubules is greater. These observations led 
us to infer that UCH L1 may bind to microtubules during mitosis as well. We performed co-
immunofluorscence staining for UCH L1 and tubulin in GM00637F cells which are human 
fibroblasts transformed by SV40. As seen in Figure 1B, UCH L1 was associated with β-
tubulin from early prophase until cytokinesis. During early prophase, UCH L1 begins to co-
localize with centrioles and during later stages, UCH L1 is associated with the mitotic 
spindle, including poles and spindle microtubules. During cytokinesis, cytoplasmic 
microtubules reappear and UCH L1 is distributed along the astral microtubules and 
concentrated in the mid-body region. To confirm these data, immunofluorescence staining 
for UCH L1 in mitotic cells was performed with four different UCH L1 antibodies with 
similar results (data not shown). The association of UCH L1 with microtubules in mitotic 
spindles suggests that UCH L1 may play a role during mitosis and cytokinesis.
We observed increased UCH L1 expression during mitosis in lymphoid (EBV-positive 
KR4), fibroblastic (NIH 3T3) and epithelial (U2OS) cells (Fig. 2A). To further validate 
these observations, we separated cells from G0/G1 and G2/M phases by Fluorescence-
activated cell sorting (FACS) (lymphoid KR4 cells) and mitotic “shake-off” (epithelial 
U3OS cells) respectively (Fig. 2B). Western blot analysis and RT-PCR showed a significant 
increase in UCH L1 RNA and protein expression in G2/M-phase cells (Fig. 2B).
UCH L1 decreases tubulin's ability to form microtubules in vitro and in vivo
Our finding that UCH L1 is associated with microtubules in interphase and mitotic cells 
raised the question of whether UCH L1 affects tubulin polymerization. To address this, we 
performed in vitro tubulin polymerization assay in the presence or absence of recombinant 
UCH L1 (Fig. 3). The ability of tubulin to polymerize at concentrations of 3 mg/ml (∼30 
μM) for pure tubulin and 2 mg/ml (∼20 μM) for MAP-rich tubulin was monitored at OD340 
for 30 mins at 37°C in a temperature controlled plate spectrophotometer. Addition of a 
substoichio-metric amount of exogenous UCH L1 (1 μg/reaction) to 99% pure tubulin did 
not alter its ability to form microtubules (Fig. 3A, top). However, addition of same amounts 
of UCH L1 to MAP-rich tubulin (70% tubulin and 30% MAPs) decreased the ability of 
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MAP-rich tubulin to polymerize by approximately 40% (Fig. 3A and bottom). To confirm 
the absorbance data, western blot analysis was performed for α/β-tubulin on the 
polymerization assay samples by performing sedimentation assay. Assembled microtubules 
were separated into supernatants and pellets by centrifugation at 25,000 g for 30 mins at 
room temperature. The pellet was re-dissolved in PEM buffer containing GTP and glycerol, 
and the samples were run on PAGE under native (where we observed oligomeric forms of 
tubulin) (Fig. 3A) or denaturated (Fig. 3B) conditions. Less microtubules were formed in the 
presence of exogenous UCH L1 for both purified tubulin and MAP-rich tubulin as observed 
by western blot analysis under native and denatured conditions, with more pronounced 
differences between results with MAP-rich tubulin in accord with the absorbance data.
Since there was strong co-localization of endogenous UCH L1 with microtubules (Fig. 1), 
we also performed western blot for exogenous UCH L1 localization after co-sedimentation 
assay: surprisingly, the antibody detected UCH L1 with the expected molecular weight of 25 
kDa only in the supernatant, but not in the pellet (Fig. 3B and bottom). According to this 
result, UCH L1 does not interact with microtubules, which contradicts the results of co-
immunostaining of endogenous UCH L1 and tubulin (Figs. 1 and 2).
Nevertheless, to investigate whether UCH L1 effects microtubule formation in vivo, we 
overexpressed UCH L1 transiently in SV40-transformed fibroblastic cell line GM00637F 
(Fig. 4A). The reduced tubulin staining in cells transfected with UCH L1 indicates that the 
overexpression of UCH L1 caused reduction in microtubule assembly (we observed the 
effect in approximately 30% of transfected cells). Staining of transfected cells undergoing 
mitosis for tubulin shows less definite spindle formation compared to un-transfected cells; 
and overexpressed UCH L1 was localized at the spindle poles (Fig. 4A, right). Taken 
together these results indicate that overexpressed UCH L1 might, at least at some extent, 
negatively affect microtubule-associated cellular functions.
To investigate whether inhibition of UCH L1 expression interrupts microtubule assembly, 
we utilized previously described KR4 cell lines stably expressing control and UCH L1 
siRNAs.34 We separated microtubules from soluble fraction of tubulin (monomers and 
dimers) by centrifugation and analyzed the levels of tubulin in each fraction western blotting 
with β-tubulin antibody (Fig. 4B). Since inhibition of UCH L1 expression slightly reduces 
TUBB gene expression,34 we normalized the blot for total amount of tubulin in each sample 
before sedimentation assay. The results in Figure 4B demonstrate an increase in tubulin 
levels in the pellets from UCH L1 siRNA-expressing cells, which correlates with a slight 
reduction of free tubulin in the supernatants. Although these data support the hypothesis that 
inhibition of UCH L1 expression reduces microtubule formation in the cells, it is important 
to remember that UCH L1 is a multifunctional molecule, and the observed effect might be 
the result of indirect dysruption of cellular processes on different levels.
Additionally, we analyzed whether endogenous UCH L1 is still associated with 
depolymerizing microtubules in the cells. We treated GM00637F cells with high doses of 
nocodazole or DMSO (control) for different time courses (Fig. 4C). The cells were fixed and 
co-immunostaining was performed for UCH L1 and β-tubulin. As seen in Figure 4C, the 
expression of UCH L1 in control is dispersed in both nucleus and cytoplasm. As soon as 10 
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min after nocodazole treatment, UCH L1 is detectable only in cytoplasm where it still 
partnered with microtubules. Towards the end of the treatment, punctate cytoplasmic UCH 
L1 staining was observed with depolymerized microtubules.
Again, this result demonstrates a tight association of UCH L1 with microtubules which 
contradicts the results of sedimentation assays after tubulin polymerization in vitro (Fig. 
3B).
UCH L1 is involved in ubiquitination of tubulin in vitro: detection of higher molecular 
weight UCH L1 complexes associated with purified tubulin
Since UCH L1 is a deubiquitinating enzyme, the next step was to determine whether UCH 
L1 deubiquitinates tubulin. This was done using in vitro tubulin ubiquitination assay with 
Fraction II reticulocyte lysates as a source of ubiquitin-conjugating enzymes. The reactions 
were performed with 800 ng/reaction of HTS-tubulin (97% pure) in the presence or absence 
of recombinant UCH L1 in the presence of Fraction II (Fig. 5). The results of the western 
blot with ubiquitin antibody demonstrate that ubiquitinated substrate(s) in the tubulin 
fraction was slightly detectable without adding recombinant ubiquitin (Fig. 5, Panel I, lane 
1), but ubiquitination was significantly increased in the presence of activated free ubiquitin 
(Fig. 5, Panel I, lane 2). Surprisingly, instead of inhibiting this ubiquitination, the addition of 
exogenous UCH L1 further enhanced it (Fig. 5, panel I, lane 3). Moreover, when we probed 
the same samples with UCH L1 antibody, besides the expected 25 kDa band, we also 
detected an additional band at molecular weight close to 50 kDa (Fig. 5, Panel III), but lower 
than β-tubulin bands (Fig. 5, Panel II). Moreover, we detected this band not only in the lane 
with recombinant UCH L1 (Panel III, lane 3), but also in the samples to which exogenous 
UCH L1 was not added (Panel III, Lanes 1 and 2).
Based on earlier findings that UCH L1 has ubiquitin ligase activity in its dimer form (∼50 
kDa),24 and our observation that the 50 kDa band was more pronounced in the lane with 
recombinant UCH L1 (Fig. 5, Panel III), we decided to investigate whether this band is 
specific for UCH L1, and whether it belongs to reticulocyte or tubulin fractions.
To rule out the possibility of an artifact due to non-specific cross-reaction of UCH L1 
antibody with proteins from fraction II, we ran two sets of the same samples from the in 
vitro polymerization assay described in Figure 3, along with recombinant UCH L1. After 
transferring to membrane, the two sets were separated: one set was incubated with UCH L1 
antibody alone, the other one, with UCH L1 antibody in the presence of a blocking peptide 
(C-terminus peptide which was the antigen). The results of western blot in Figure 6A led to 
two important conclusions: (1) the 50 kDa band belongs to the tubulin fraction (since it is 
detectable in total lysates after tubulin polymerization in the presence of exogenous UCH 
L1), and (2) this band is specific for UCH L1 (since the presence of peptide completely 
blocked the detection of both 25 and 50 kDa bands).
We repeated the reaction of tubulin polymerization in vitro in the presence of recombinant 
UCH L1, followed by the sedimentation assay (Fig. 6B). Analysis of the samples under 
reducing conditions, done by boiling them with β-ME and SDS and western blotting for 
UCH L1. Figure 6B reveals a 25 kDa UCH L1 band in both soluble and insoluble fractions 
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of tubulin. However the intensity of the 50 kDa UCH L1 was greater in the insoluble tubulin 
fraction even under reducing conditions, providing further assurance that 50 kDa UCH L1 
interacts with microtubules. Since a large amount of proteins was loaded on the gel (about 
50 μg), we also saw much higher molecular weight bands of UCH L1 in the assembled 
microtubules, which lead us to ask whether recombinant UCH L1 alone was capable of 
forming these complexes or if UCH L1 was forming these complexes only in presence of 
microtubules. To answer this, we compared recombinant UCH L1 under non-reducing and 
reducing conditions. Western blot for UCH L1 showed that under non-reducing conditions, 
the percentage of 25 kDa band versus 50 kDa UCH L1 band was about equal, whereas under 
reducing conditions, the intensity of 50 kDa UCH L1 band decreased by almost 80% and the 
25 kDa band increased (Fig. 6C). These results indicate that the 50 kDa UCH L1 band is a 
complex of UCH L1 joined by disulphide bonds. Additionally, we also detected the 50 kDa 
UCH L1 band in commercially purified tubulin fractions (purified and MAP-rich) (Fig. 6D) 
indicating that this form of UCH L1 has a high binding affinity for tubulin. We also detected 
50 kDa UCH L1 formation during tubulin polymerization in vitro using different antibody 
(Invitrogen, Cat.# 480012).
Detection of UCH L1 50 kDa form in vivo: possible association with mitosis
To investigate whether UCH L1 forms 50 kDa complexes in vivo as well, we performed co-
sedimentation assay in the presence or absence of paxitaxel with cell lysates from lymphoid 
(KR4) and epithelial (293) cells (both cell lines express relatively high levels of UCH L1). 
Upon separation into supernatants and pellets, the samples were analyzed by western 
blotting for UCH L1 and β-tubulin. As seen from Figure 7A, the 50 kDa UCH L1 band was 
detected in the assembled microtubules, whereas 25 kDa UCH L1 was detected in the 
supernatants, indicating the association of 50 kDa UCH L1 with microtubules. To determine 
whether overexpressed UCH L1 forms complexes similar to the endogenous protein we 
transiently expressed HA-tagged UCH L1 in 293 cells, probed the total lysates with HA-tag 
antibody and observed higher molecular weight complexes of overexpressed HA-UCH L1 
including ∼50 kDa band (Fig. 7B).
Finally, to determine if the 50 kDa band of UCH L1 can be detected in total cell lysates, we 
performed western blot analysis of 293 cells comparing interphase and mitotic shake-off cell 
lysates. As demonstrated in Figure 7C, the specific 50 kDa UCH L1 band was detected in 
mitotic shake-off samples, indicating that endogenous UCH L1 50 kDa can be detected in 
vivo, and that formation of this band might be associated with G2/M phase of the cycle. For 
additional validation of the specificity, we analyzed the blot with the blocking peptide as 
described in Figure 6A.
UCH L1 enhances ubiquitination that occurs during in vitro tubulin polymerization
Since UCH L1 is an enzyme of the ubiquitin system,20 we suggested that UCH L1-
dependent reduction of microtubule formation is mediated by ubiquitination. To test this 
hypothesis, we performed a tubulin polymerization assay in the presence or absence of free 
ubiquitin, recombinant UCH L1, or the combination of both (Fig. 8). The results monitored 
by OD demonstrate that the ability of 97% pure tubulin to polymerize was slightly reduced 
in the presence of UCH L1 or ubiquitin alone, and that combination of both enhanced this 
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inhibitory effect (Fig. 8A, top). The OD results were confirmed by sedimentation assay 
followed by western blot for β-tubulin under reducing conditions (Fig. 8A and bottom). 
Additionally, we separated the total samples (without centrifugation) after tubulin 
polymerization assays in SDS-PAGE and probed with indicated antibodies (Fig. 8B). 
Western blot with ubiquitin antibody (Fig. 8B) clearly shows a certain level of 
ubiquitination of the component(s) of tubulin fraction in the presence of ubiquitin alone 
(Fig. 8B, lane 2), and further increase in the presence of exogenous UCH L1 (Fig. 8B, lane 
4). The results of this experiment indicate that: (a) ubiquitination occurs during tubulin 
polymerization, and that ubiquitination has an inhibitory effect on microtubule formation (at 
least under these conditions); (b) 50 kDa UCH L1 in purified tubulin fraction is involved in 
this process, since the addition of recombinant UCH L1 (probably its complexes) increased 
ubiquitination, observed with ubiquitin alone. A possible explanation as to why the addition 
of UCH L1 alone had very little effect on tubulin polymerization and none on ubiquitination 
might be the lack of ubiquitin in the 97% pure tubulin fraction.
Discussion
The results of our experiments taken together lead to three major conclusions:
• UCH L1 is a part of microtubule network in different transformed cell lines;
• UCH L1 is tightly associated with mitotic spindle through all stages of G2/M phase 
of the cell cycle;
• UCH L1 complexes are directly or indirectly involved in negative regulation of 
microtubule dynamics through ubiquitination of microtubule components.
The association of UCH L1 with microtubules is more prominent in lymphoid and 
fibroblastic than in epithelial cells (Fig. 1A), and the level of endogenous UCH L1 in some 
cells is extremely low (for example in 3T3 and HeLa cells). Nevertheless, from the moment 
of centriole duplication, and through all stages of M phase, UCH L1 is always present and 
co-localized with microtubules in the mitotic spindle (Figs. 1B and 2). Moreover, we 
observed de novo expression of UCH L1 and co-localization with the mitotic spindle of 
mitogen-stimulated normal human lymphocytes and fibroblasts cells as well (Shackelford J, 
unpublished data). Since in the recent study on deubiquitinating enzymes association of 
several UCHs with mitotic spindle was reported,42 it is likely that members of the UCH 
family have a general role associated with microtubule function during the M phase of the 
cell cycle with the possibility to compensate each other functions.
It is important to mention the differences observed in microtubule network formation with 
endogenous and overexpressed UCH L1 (Fig. 4A and B). It seems that the levels of UCH L1 
are critical for effects on microtubule organization (which in turn should affect intracellular 
functions as well). Overexpressed UCH L1 is localized in mitotic spindle in cells transfected 
with low concentrations of UCH L1 expression vector (Fig. 4A), the microtubule array in 
transfected cells was visually less “organized”. These observations might explain inhibitory 
effects of UCH L1 over-expression in some transformed cells.43,44 At the same time, we did 
not detect any significant differences in expression patterns or association with microtubules 
between wild type and deubiquitinase-dead point mutants of UCH L1, C90S and H161D,21 
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in both interphase and mitotic cells (unpublished observation). Nevertheless, it does not 
mean that the deubiquitinating activity of UCH L1 is irrelevant to its function during 
mitosis; additional studies are necessary to clarify this issue.
Although the inhibition of microtubule formation in the presence of UCH L1 (Fig. 3A and 
B) was somewhat surprising, the turning point of the study was the result of in vitro tubulin 
ubiquitination assay. The increased ubiquitination and the presence of 50 kDa UCH L1 (at 
first considered to be a non-specific band) (Fig. 5) in combination with a previous study on 
UCH L1's two opposite enzymatic activities,24 led us to the hypothesis that perhaps UCH L1 
dimerization occurs in association with microtubules, and then the enzyme acts as a 
ubiquitin ligase.
The first question was whether this 50 kDa band is specific for UCH L1; western blot 
analysis in the presence of blocking peptide proves that both, in vitro (Fig. 6A) and in vivo 
(Fig. 7C) the observed 50 kDa bands contain at least the C-terminus of UCH L1 (the region 
the antibody was raised against).
We detected 50 kDa UCH L1 in all fractions of commercially purified brain tubulin (Fig. 6A 
and D). Studies on the association of Parkin ubiquitin ligase with microtubules demonstrate 
strong binding between tubulin and Parkin: high concentrations of NaCl or urea could not 
remove Parkin from microtubules.14,45 It seems that the association between 50 kDa UCH 
L1 and tubulin might be a similar case. There is another interesting detail about the 50 kDa 
UCH L1: in different fractions of purified tubulin (less or more MAPs) we detect 
approximately the same amount of 50 kDa UCH L1 (Fig. 6D). The amount would be 
different if the 50 kDa UCH L1 was bonded only to MAPs. At the same time, the crude 
fraction of tubulin contains large amounts of UCH L1 with molecular weight 25 kDa. We 
suggest that each cycle of tubulin polymerization (but not depolymerization) induces the 
formation of 50 kDa UCH L1 as well as its association with tubulin (Bheda A, manuscript in 
preparation). Considering that commercially available tubulin goes through several cycles of 
polymerization during purification, it might explain the equal amounts of 50 kDa UCH L1 
detected in each fraction. This hypothesis still does not eliminate MAPs as participants in 
the process. It is also worth mentioning that the 50 kDa is not the only UCH L1-containing 
complex: UCH L1 exogenously added to the reaction of polymerization, shows not only 
∼50 kDa, but also much higher molecular weight complexes associated only with 
microtubules (Fig. 6B).
In any case, the question of what this 50 kDa UCH L1 band consists remains unanswered. 
The fact that recombinant UCH L1 forms a dimer (Fig. 6A and C) is not a proof that the 
tubulin-associated 50 kDa band is a UCH L1 homodimer as well. Dimerization of 
recombinant proteins (and even a covalent dimerization) might occur during purification. 
The treatment with β-mercaptoethanol visibly affected only recombinant UCH L1 dimer 
(Fig. 6D), indicating that binding in the tubulin-associated band might be different from (or 
not only) a disulfide bond. We plan to study whether mutations in UCH L1 cysteines will 
affect its dimerization. In the meantime, mass spectrometric analysis of the 50 kDa band in 
tubulin fractions seems the obvious choice to identify the potential partner of UCH L1.
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The detection of 50 kDa UCH L1 in vivo (Fig. 7) is important evidence of its biological 
significance, and the accumulation of 50 kDa UCH L1 in insoluble cellular protein fractions 
in the presence of paxitaxel provides a link between microtubules and dimer formation (Fig. 
7A), which might explain the presence of the 50 k Da band of UCH L1 in mitotic cells (Fig. 
7C). Additionally, overexpressed UCH L1 forms higher molecular weight bands as well 
(Fig. 7B). Interestingly, mutations in C90 and H161 that abolish UCH L1 deubiquitinating 
activity21 did not affect the ability of the overexpressed protein to form higher molecular 
weight complexes (data not shown). We plan to study whether these mutants are still able to 
affect microtubule formation. Also, another UCH L1 mutant—D30A(K)—which lacks not 
only deubiquitinating activity, but also the ability to bind ubiquitin,25 will be helpful in 
analyzing UCH L1 functions in the context of microtubule dynamics.
So far, ubiquitination has been implicated in μ/β-tubulin life mostly as a mark for 
proteasomal degradation,14 although ubiquitination of γ-tubulin has been shown to be 
important for the regulation of tubulin nucleation and centrosome function during 
mitosis.6,7,9,10,46 For the first time to our knowledge, we demonstrate that the process of 
ubiquitination occurs during the reaction of tubulin polymerization which correlates with 
decreased microtubule formation (Fig. 8). Incorporation of ubiquitin into a substrate in the 
presence of free ubiquitin alone (Fig. 8B, lane 2) indicates that purified fractions of tubulin 
already have components to complete the reaction of ubiquitination. The tubulin fraction we 
used is purified from brain tissue and contains 97% α/β-tubulin and 3% MAPs. We suggest 
that among those MAPs are ubiquitin conjugases/ligases (such as UCH L1 50 kDa, Parkin 
and probably, others), which are involved in regulation of microtubule assembly through 
ubiquitination.
At the same time, our results raise many questions. Are α/β-tubulin direct targets of the 
ubiquitination we detected? We did not observe differences (such as a shift) in β-tubulin 
bands in reaction of ubiquitination (Fig. 4), but it might be explained by a small portion of 
ubiquitinated tubulin and low affinity of the antibody to the modified form. It also might be 
γ-tubulin (which is present in this fraction). The involvement of UCH L1 in γ-tubulin 
ubiquitination could explain the association of endogenous UCH L1 with centrioles from the 
moment of their duplication (Fig. 1B). It could also explain the nature of UCH L1-
dependent inhibition of microtubule formation in vitro through the disruption of the 
nucleation step. We also can not eliminate the possibility that tubulins are not targets for the 
ubiquitination we observed. Low molecular weight MAPs (such as tau47,48) might be 
substrates for UCH L1-mediated increase in ubiquitination during tubulin polymerization. 
What type of ubiquitination is it? We suggest that this is mono-ubiquitination of a relatively 
small portion of the substrate, but the fact that we did not detect additional bands does not 
mean they do not exist. In vitro ubiquitination assays with different ubiquitin mutants may 
provide clearer answers.
The addition of exogenous UCH L1 increased the ubiquitination during tubulin 
polymerization in vitro (Fig. 8). This result indicates that UCH L1 (presumably its dimer) is 
involved in the process, but does not prove that this is a direct effect. The ubiquitinating 
activity of UCH L1 dimer is ATP-independent,24 and the presence of GTP in the reaction of 
tubulin polymerization does not eliminate the possibility that other E2/E3 enzymes in 
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tubulin fractions use GTP as a substitute. In vitro ubiquitination assays with recombinant 
α/β/γ-tubulin and UCH L1 in the absence of ATP will be necessary to support the 
hypothesis that it is UCH L1 dimer-dependent ubiquitination.
Nevertheless, we believe that our findings provide enough evidence to claim that UCH L1 is 
a tubulin-associated protein which is involved in regulation of microtubule dynamics 
through ubiquitination. All the recent information on UCH L1 suggests that this ubiquitin-
editing enzyme is a multi-functional protein that is likely to contribute to more diverse 
cellular processes than were previously thought, and needs further serious investigation.
Materials and Methods
Cell culture
U20S osteosarcoma, NIH 3T3 mouse fibroblasts, human fetal fibroblasts, and 293 human 
embryonic kidney cell lines were cultured in DM EM (Sigma) supplemented with 10% FBS 
(Sigma) and penicillin-streptomycin. GM00637F, SV40-transformed cell lines were cultured 
in RPMI (Sigma) supplemented with 15% newborn serum (Sigma) and penicillin-
streptomycin. The EBV-positive lymphoblastoid cell line KR4 and Burkitt's lymphoma cells 
were cultured in RPMI 1640 medium plus 10% heat-inactivated FBS and 100 units/ml 
penicillin-streptomycin. All cell lines were maintained at 37°C in 5% with CO2. For 
nocodazole experiments, a time course treatment (up to 40 mins) with 500 ng/ml nocodazole 
was performed on GM00637F cells in complete media. At the end of the treatment, cells 
were fixed and processed for immunofluorescence staining.
Transient transfections of UCH L1 expression vector
GM00637F and U20S cells were grown on poly-L-Lysine (Sigma)-treated coverslips in 6-
well dishes until 40% confluent. The cells were transiently transfected with HA-UCH L1 
expression vector or GFP-UCH L1 expression vector using Fugene HD (Roche) and 48 h 
post transfections, cells were processed for immunofluorescence staining.
Immunofluorescence studies
The cells were grown on poly-L-Lysine (Sigma)-coated coverslips in 6-well dishes until 
75% confluent. The cells were washed with PBS, fixed with 4% paraformaldehyde for 10 
min, permeablized with 0.5% triton, washed three times with PBS and blocked with 5% 
normal donkey serum. Cells were then incubated with rabbit anti-UCH L1 antibody 
(Invitrogen, 1:50), mouse anti-P-tubulin antibody (Molecular probes, 1:50), rabbit anti-HA 
(Santa Cruz, 1:500) in 1:5 dilution of blocking solution for 1 h at 37°C and then washed 
three times with PBS. Next, cells were incubated with Alexafuor-594-conjugated goat anti-
rabbit and Alexafuor-488-conjugated goat anti-mouse antibodies (Vector Laboratories, 
1:500) for 1 h at 37°C, washed four times with PBS and mounted. Fluorescent images were 
created using Openlab software (Improvision Inc., MA, USA).
FACS analysis
To sort cells in different phases, asynchronously growing cells were labeled with 0.01 mM 
Hoechst 33342 (Sigma) at 37°C for 45 min and sorted with a DAKO Cytomation 
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fluorescence-activated cell sorting (FACS) Mofo sorter. Cells within the G0/G1, or G2/M 
phases were collected in sterile PBS at 4°C.
RNA extraction and reverse transcriptase PCR
NIH 3T3 cells were treated with 100 ng/ml Nocodazole for 4 h. Mitotic U20S cells were 
collected after “shake off” over a period of 2 days. Total RNA from control and treated was 
extracted with the use of Agilent's Total RNA isolation mini kit (Agilent Technologies). 500 
ng of total RNA were used to perform RT-PCR reactions with Qiagen's one step RT-PCR 
kit (Qiagen) as per manufacturer's instructions at an annealing temperature of 55°C. The 
samples were analyzed on 1% agarose gel. Primers used:
UCH L1: 5′-GGA TGG CCA CCT CTA TGA AC-3′, 5′-AGA CCT TGG CAG CGT 
CCT-3′, GAPDH: 5′-AGG TGA AGG TCG GAG TCA ACG-3′, 5′-AGG GGT CAT TGA 
TGG CAA CA-3′.
Western blotting
Total cell lysates or immunocomplexes were resolved on 12% SDS-PAGE, transferred to 
PVDF membrane (GE Healthcare), blocked in 5% milk-Tris-buffered saline solution, and 
incubated at 4°C overnight with UCH L1 (1:7,500, Invitrogen), α/β-Tubulin (1:1,000, Cell 
signaling), β-Tubulin (1:5,000, Santa Cruz), anti-ubiquitin (1:500, Sigma) and GAPDH 
(1:5,000, Sigma) antibodies followed with horseradish peroxidase-conjugated secondary 
antibody. Proteins were detected with the Super Signal West Pico Chemiluminescence 
Detection Kit (Pierce Biotechnology, Rockford, IL, USA) and exposed to Kodak XAR-5 
film. Gels were stained with Gel-Code blue coomassie stain.
Blocking peptide against UCH L1 antibody
The blocking peptide against UCH L1 antibody was obtained from Invitrogen. The blocking 
peptide used was the synthetic antigen used as an immunogen to produce antibodies. All the 
samples to be tested for blocking peptide were run on one gel. After the transfer the blot was 
cut into half vertically. One part of the blot was incubated with UCH L1 antibody 
(Invitrogen) and the second part was incubated with UCH L1 antibody + blocking peptide 
against the antibody, followed with horse-radish peroxidase-conjugated secondary antibody. 
Proteins were detected with the Super Signal West Pico Chemiluminescence Detection Kit 
(Pierce Biotechnology, Rockford, IL, USA) and exposed to Kodak XAR-5 film. In order to 
eliminate any differences both the blots were processed at the same time.
In vitro ubiquitination assay
For the in vitro ubiquitination assay, each reaction mixture contained 50 mM Tris (pH 7.5), 
2 mM Mg-ATP, 2 mM dithiothreitol, 20 μM His-ubiquitin/reaction (Biomol), 25 μM 
MG132 (Sigma), 10% (vol/vol) rabbit reticulocyte lysate (Boston Biochem), 1× protease 
inhibitors and 2.5 g of purified Tubulin protein. The reaction mixtures were incubated at 
37°C for 1 hour. For deubiquitination assays, after the initial incubation, the reaction 
containing Ub was treated with 1 ug of recombinant UCH L1 (Biomol), followed by 
incubation at 37°C for additional 1 hour. The samples were then analyzed by western 
blotting for tubulin, ubiquitin and UCH L1.
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In vitro tubulin polymerization and microtubule binding assays
Three mg/ml purified bovine brain tubulin (99% tubulin) or two mg/ml bovine brain 
microtubule associated protein (MAP)-rich tubulin (70% tubulin and 30% MAPs) or four 
mg/ml of purified porcine brain HTS-tubulin (3% MAPs and 97% tubulin) (Cytoskeleton 
Inc.,) was assembled in tubulin polymerization buffer (TP buffer). TP buffer was made with 
general tubulin buffer (80 nM Pipes, pH 6.9, 2 mM MgCl2, 0.5 mM EGTA and 2.5 mM of 
GTP) and tubulin cushion buffer (containing 15% glycerol + general tubulin buffer). The 
half area 96-well plate was pre-warmed to 37°C for 30 min. The assembly of tubulin was 
measured every 1 min and monitored over a period of 30 mins by light scattering at 340 nm 
using temperature controlled spectrophotometer. The assay was performed in presence or 
absence of 1 μg/reaction of recombinant UCH L1 and where indicated 500 ng/reaction of 
free ubiquitin was added.
Following the polymerization assay, the samples were centrifuged at 25,000 g for 30 mins at 
RT to pellet microtubules and all associated proteins. The pellet was washed twice with 
room temperature TP buffer and resuspended in TP buffer. The samples were then analyzed 
by PAGE under reducing or native (with or without SDS respectively) conditions.
In vivo tubulin polymerization assay
In order to determine if UCH L1 bound to microtubules in vivo, cell lysates from KR4 LCLs 
and 293 cells were incubated in presence or absence of taxol (4 mg/ml) in microtubule 
stabilization buffer (0.1 M PIPES, 1 mM EGTA, 1 mM MgSO4, 2 M glycerol, pH 8.0, 1× 
protease inhibitor cocktail) for 30 mins on ice. The reaction was then separated into 
supernatant (soluble) and pellet (insoluble) tubulin fractions by centrifugation at 25,000 g 
for 30 mins at 4°C. The microtubule pellet was resuspended in MTS buffer. The samples 
were analyzed by SDS-PAGE.
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endogenous UCH L1 is associated with microtubules in interphase and mitotic cells. Cells as 
indicated were fixed in 4% pFA and double-immunostained with UCH L1 and β-tubulin 
antibodies and green and red fluorescent secondary antibodies. DApI staining was used to 
visualize nuclei. Images were analyzed with fuorescent light microscopy and openlab 
software (40× magnification for adherent and 100× for suspension cells).
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UCH L1 expression is increased in G2/M-phase of the cell cycle. (A) KR4, NIH 3t3 and 
U2oS cells were fixed in 4% pFA and stained with UCH L1 antibody (green) and DApI. 20× 
magnification. (B) G0/G1 and G2/M phases sorted from asynchronously growing KR4 cells 
by FACS. U2OS mitotic cells were collected by shaking of from the monolayer surface. 
RNA and protein were extracted and analyzed with pCR and western blot analysis for UCH 
L1 expression (see Materials and Methods).
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UCH L1 inhibits tubulin polymerization in vitro. (A) pure (99% tubulin) and MAp-rich 
(70% tubulin + 30% MAps) tubulin were polymerized at the concentration of 3 mg/ml and 2 
mg/ml respectively along with all necessary components (see Materials and Methods for 
details) in presence or absence of 1 μg recombinant UCH L1 in a total volume of 100 μl. the 
ability of tubulin to polymerize was monitored at oD340 every minute up to 30 mins at 37°C 
in a temperature controlled plate spectrophotometer. (B) Assembled microtubules were 
separated into soluble and insoluble tubulin by centrifugation at 25,000 g for 30 mins at 
room temperature. Upon separation, pellet was re-dissolved in peM buffer containing Gtp 
and glycerol, and the samples were run on pAGe under native (A, right) or denaturing (B) 
conditions. After transfer to membrane, the blots were probed with α/β-tubulin antibody.
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overexpression of UCH L1 inhibits microtubule formation in vivo. (A) GM00637F (SV40-
transformed fibroblasts) cells were transfected with HA-UCH L1 (left) and GFp-UCH L1 
(right) expression vectors. 48 hours later cells were fixed in 4% pFA and co-immunostained 
for HA-tag and β-tubulin (left) or β-tubulin alone (right) antibodies. DApI staining was used 
to visualize nuclei. (B) Microtubules from KR4 cells stably expressing control and UCH L1 
siRNAs were separated by centrifugation at 25,000 g for 30 mins at room temperature. 
Fractions of supernatants and pellets were resolved in pAGe, and western blotting was 
performed with β-tubulin antibody. total tubulin in cell lysates before centrifugation served 
as a positive control. (C) GM00637F cells were treated with 500 ng/ml nocodazole. After 
indicated time cells were fixed and co-stained for UCH L1 and β-tubulin.
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UCH L1 increases in vitro tubulin ubiquitination in the presence of reticulocyte fraction II. 
HtS-tubulin (97%) was incubated with Mg-Atp, rabbit reticulocyte lysates (fraction II) with 
or without ubiquitin at 37°C for 1 hour, after which the reaction containing ubiquitin was 
divided into equal parts with and without recombinant UCH L1. the reactions were 
incubated at 37°C for an additional 1 hour. At the end of the assay, samples were separated 
in 10% SDS-pAGe, and western blotting with ubiquitin, β-tubulin and UCH L1 antibodies 
was performed. the gel stained with Gel-Code blue Coomassie after transferring shows 
amount of total (Fraction II + tubulin fraction) protein used in the reactions.
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Detection of different UCH L1 complexes associated with purified tubulin fractions. (A) 
Samples of HtS- and MAp-rich tubulin after in vitro polymerization in the presence of 
recombinant UCH L1, and pre-made microtubules incubated with recombinant UCH L1 in 
polymerization buffer, were boiled without β-mercaptoethanol and run in duplicates on 
SDS-pAGe. the gel stained with Gelcode blue for loading control, and the membrane was 
cut into two parts: one was incubated with UCH L1 antibody, and the other with UCH L1 
antibody in the presence of blocking peptide. (B) Sample from HtS-tubulin polymerization 
assay in the presence of recombinant UCH L1 was subjected to sedimentation assay. pellet 
and supernatant fractions were boiled in β-mercaptoethanol/SDS bufer. After SDS-pAGe, 
the blot was probed with UCH L1 antibody. (C) Sample of recombinant UCH L1 was 
divided in two parts and boiled in loading bufer with or without β-mercaptoethanol. 50 μg of 
the protein fractions were run on SDS-pAGe and probed with UCH L1 antibody. (D) 
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Samples of recombinant UCH L1 (from Biomol), HtS- and MAp-tubulin (from Cytoskelton) 
were boiled in loading bufer with β-Me and SDS, run in SDS-pAGe and probed with UCH 
L1 antibody.
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Detection of high molecular weight UCH L1 complexes in vivo. (A) total cell lysates from 
KR4 and 293 cells were incubated in presence or absence of taxol (4 mg/ml) in microtubule 
stabilization bufer (0.1 M pIpeS, 1 mM eGtA, 1 mM MgSo4, 2 M glycerol, pH 8.0, 1× 
protease inhibitor cocktail) for 30 mins on ice. the reaction was then separated into 
supernatant (soluble) and pellet (insoluble) tubulin fractions by centrifugation at 25,000 g 
for 30 mins at 4°C. the microtubule pellet was resuspended in MtS bufer. Samples were 
analyzed by SDS-pAGe followed by western blot with UCH L1 antibody. (B) 293 cells were 
transfected with HA-UCH L1, and after 48 hours total lysates were analyzed with SDS-
pAGe, followed by western blotting for UCH L1. (C) Mitotic cells were collected by 
shaking-of from 293 cell monolayers. total lysates from interphase and mitotic cells were 
separated on SDS-pAGe in duplicate, and after transfer the membrane was cut in two parts: 
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one was probed with UCH L1 antibody, and the other with UCH L1 antibody in the 
presence of blocking peptide.
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Recombinant UCH L1 increases ubiquitin-dependent inhibition of microtubule formation in 
vitro. (A) HtS-tubulin was allowed to assemble in polymerization buffer. the assembly of 
HtS-tubulin was measured every minute and monitored over the indicated period of time by 
light scattering at 340 nm with a temperature controlled spectrophotometer. Where 
indicated, the assay was performed in presence of 1 μg/reaction of recombinant UCH L1 and 
500 ng/reaction of free ubiquitin (both from Biomol). Following the polymerization assay, 
the samples were centrifuged at 25,000 g for 30 mins at room temperature to pellet 
microtubules and all associated proteins. the samples were separated in SDS-pAGe and 
probed with β-tubulin antibody. (B) total samples after HtS-tubulin in vitro polymerization 
assay as in (A) (but without sedimentation) were separated in SDS-PAGE, transferred to 
membrane and probed with indicated antibodies.
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